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EFFECTS OF IMPURITIES ON RADIATION 

by Joseph Mandelkorn, Lawrence 
Jacob D .  Broder, and 

DAMAGE OF SILICON SOLAR CELLS* 

Schwartz, Robert P.  Ulman, 
Harold E .  Kaut z 

Lewis Research Center 

a n d  

Richard S t a t l e r  

Naval Research Laboratory 
Washington, D . C . 

SUMMARY 

Study of t h e  e f f e c t s  of impur i t ies  on the c h a r a c t e r i s t i c s  of so l a r  c e l l s  
l e d  t o  t h e  conclusion t h a t  t he  impurity de l ibe ra t e ly  added t o  s i l i c o n  i n  order  
t o  lower i t s  r e s i s t i v i t y  a l s o  plays an inpcr tan t  r o l e  i n  determining r ad ia t ion -  
damage behavior and junc t ion  c h a r a c t e r i s t i c s  of c e l l s .  Cel l s  made from s i l i c o n  
doped with aluminum t o  a r e s i s t i v i t y  of approximately 10 ohm-centimeters have 
superior  c h a r a c t e r i s t i c s  and maximwa power output i n  an atomic-radiat ion en- 
vironment. The r e s u l t s  obtained ind ica t e  t h a t  t h e  use of 10-ohm-centimeter 
aluminum-doped c e l l s  i n  s a t e l l i t e  power suppl ies  w i l l  extend the  l i f e t i m e s  of 
such suppl ies  i n  a r a d i a t i o n  environment by a f a c t o r  of 25. 

f i ~ T i 6 R  .P INTRODUCTION 

Since the  discovery of t h e  Van Allen r ad ia t ion  b e l t  i n  space and t h e  high- 
a l t i t u d e  nuclear explosions of 1962, t h e r e  has been concern about t he  use fu l  
l i f e  of s o l a r - c e l l  power suppl ies  of s a t e l l i t e s .  The objec t  of t h i s  r e p o r t  i s  
t o  present  information on a successfu l  approach toward improvement of r a d i a t i o n -  
damage r e s i s t ance ,  namely, t he  con t ro l  o f  impur i t ies  i n  the  s i l i con .  The e f -  
f e c t s  of some impur i t ies  on t h e  r a d i a t i o n  damage of s i l i c o n  so la r  c e l l s  were 
descr ibed i n  re ference  1, i n  which the  study of r a d i a t i o n  damage t o  boron-doped 
c e l l s  l e d  t o  t h e  conclusion t h a t  t h e  boron atoms p a r t i c i p a t e d  i n  t he  c r e a t i o n  
of recombination centers .  
doping impur i t ies  on r a d i a t i o n  damage was studied. 
f a b r i c a t i o n  techniques were devised t o  improve c e l l  c h a r a c t e r i s t i c s  and spec- 
t r a l  response. 
techniques,  g r e a t l y  improved c e l l s  were obtained. 

I n  the  work reported herein,  the  e f f e c t  of o ther  
I n  addi t ion,  modified c e l l -  

By combining the  b e s t  doping impurity and the  b e s t  f a b r i c a t i o n  

EXPERIMENTAL RFSULTS 

Gadolinium atoms were s u b s t i t u t e d  f o r  boron atoms i n  t h e  base reg ion  of 
Figure l ( a )  shows a p lo t  of base-region minor i ty-car r ie r  n-on-p solar c e l l s .  

d i f f u s i o n  l eng ths  as func t ions  of 1-Mev e l ec t ron  dose f o r  gadolinium-doped 
c e l l s .  Diffusion lengths  f o r  t h e  c e l l s  were measured by the  e l e c t r o n  beam 
technique ( ref .  1). The dose r a t e  was 1-MeV e lec t rons  per square c e n t i -  
meter per second. Cell temperatures were held wi th in  5' C of room temper- 
a t u r e .  The curve for 50-ohm-centimeter c e l l s  appears t o  be composed of t h r e e  

Presented a t  Fourth Annual Photovoltaic S p e c i a l i s t s '  Conference, * 
Cleveland, Ohio, June 2-3, 1964. 
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(a) Gadolinium-doped cells. B al - 

Dose, 1- Mev electronslsq cm 

(b) Indium-doped cells. 

Figure 1. - Diffusion length as function of electron flux. 

The c e n t r a l  reg ion  has  a small negat ive slope,  
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1 d i s t i n c t  regions.  The c e n t r a l  
reg ion  of t he  curve i n  t h e  dose 
range 4 ~ l d - ~  t o  1.5x1016 1-Mev 
e l e c t r o n s  per  square cent imeter  
has  a s lope of zero. Vacancies 
i n  t h e  c e l l  ma te r i a l  were def-  
i n i t e l y  being generated i n  t h i s  
dose range. Yet, t h e r e  was no 
measurable change i n  base- 
region d i f f u s i o n  length  o r  i n  
c e l l  s h o r t - c i r c u i t  cur ren t .  The 
o ther  two reg ions  of t h e  curve 
d i f f e r  from each o ther ,  as wel l  
as from t h e  c e n t r a l  region,  i n  
slope.  It i s  emphasized t h a t ,  
f o r  p l o t s  of t h e  type shown, 
only t h e  genera l  shape and t h e  
values  of d i f f u s i o n  length  mza- 
sured f o r  spec i f i c  doses are 
s i g n i f i c a n t .  !The s lopes  be- 
tween measured po in t s  have been 
assigned a r b i t r a r i l y .  The gen- 
e ra l  shape of' t h e  curves  sug- 
g e s t s  t h a t  t h e  r a t e  of i n t r o -  
duct ion of damage i s  a func t ion  
of bombardment dose, as w e l l  as 
impuri ty  content .  

The p l o t  f o r  t h e  18-ohm- 
cent imeter  ce l l s  has  t h e  same 
three- reg ion  appearance as  t h a t  
f o r  t h e  50-ohm-centimeter c e l l s .  

however. A t  a dose of 1. 2XlOl5 
1-MeV e lec t rons  per  square cent imeter ,  t h e  d i f f u s i o n  len,gth preserved i n  t h e  
18-oh-cent imeter  c e l l s  was h igher  than  t h a t  i n  t h e  50-ohm-centimeter c e l l s .  
This  s i t u a t i o n  i s  not  unusual. The gadolinium used t o  dope t h e  50-ohm- 
cent imeter  c e l l  material w a s  of lower p u r i t y  than  t h a t  used t o  dope t h e  18-ohm- 
cent imeter  c e l l  material. E l e c t r i c a l l y  i n a c t i v e  impur i t i e s  are known t o  a f f e c t  
t h e  formation of recombination c e n t e r s  i n  s i l i c o n  ( ref .  1). The dens i ty  of re- 
combination cen te r s  i n  s o l a r  c e l l s  of h i g h - r e s i s t i v i t y  base  material i s  s t rong ly  
inf luenced by t h e  concent ra t ion  of e l e c t r i c a l l y  i n a c t i v e  impurities i n  t h e  dose 
range t h a t  includes 1-MeV e l e c t r o n s  pe r  square cent imeter .  For higher 
dose ranges, t h e  concentrat ion of e l e c t r i c a l l y  a c t i v e  impurity,  gadolinium i n  
t h i s  case, dominates recombination-center formation. Thus, t h e  50-ohm- 
cent imeter  c e l l s  preserve longer  d i f fus ion  l eng ths  for doses above 4 ~ 1 0 ~ ~  1-MeV 
e l e c t r o n s  per square cent imeter .  

Figure l(b) shows t h e  e f f e c t s  of bombardment on t h e  d i f f u s i o n  l eng ths  of 
130- and 12-ohm-centimeter indium-doped cel ls .  Again, t h e  curves have a th ree -  
reg ion  appearance. 
cent imeter  c e l l s  f a r  exceed those  of t h e  12-ohm-centimeter c e l l s  f o r  any spe- 
c i f i c  bombardment dose. This  behavior i s  similar t o  t h e  damage behavior of 10- 

The va lues  of d i f fus ion  length  preserved i n  t h e  130-ohm- 
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and 100-ohm-centimeter boron-doped c e l l s  ( r e f .  1). The values  of d i f fus ion  
length  preserved i n  t h e  130- and 12-ohm-centimeter indium-doped c e l l s  are, how- 
ever ,  lower than  those  preserved i n  100- and 10-ohm-centimeter boron-doped 
c e l l s ,  respec t ive ly .  There i s ,  therefore ,  a dependency of r a t e  of formation of 
recombination cen te r s  on t h e  spec i f ic  e l e c t r i c a l l y  a c t i v e  impurity element, as 
we l l  as on i t s  concentrat ion.  

J 

Although not shown, the  bombardment damage behavior of 5- and 12-ohm- 
centimeter gallium-doped c e l l s  r e s u l t s  i n  similar three-region curves. Analy- 
sis  of t h e  curves f o r  t he  var ious types  of c e l l s  i nd ica t e s  t h a t  t he  s lope of 
t h e  c e n t r a l  reg ion  inc reases  with increasing concentrat ion of e l e c t r i c a l l y  ac-  
t i v e  impurity. 
barded 50-ohm-centimeter c e l l s  containing var ious dopants. 
t he  completely f l a t  reg ion  observed i n  t h e  curve f o r  t he  50-ohm-centimeter 
gadolinium-doped c e l l  i n  f i g u r e  1( a)  w i l l  not occur f o r  50-ohm-centimeter 
boron-doped c e l l s ,  whereas 50-ohm-centimeter aluminum-doped c e l l s  a r e  expected 
t o  surpass  t h e  performance of t h e  50-ohm-centimeter gadolinium c e l l s .  

A study i s  under way t o  obtain da t a  on the  behavior of bom- 
It i s  expected t h a t  

The r e l a t i o n  between the  d i f fus ion  length L r e t a ined  i n  a bombarded 
semiconductor ma te r i a l  and the  t o t a l  f l u x  Cp of atomic p a r t i c l e s  can be ex- 
pressed as l/Lz = l / L i  + KO. 
f a c t o r s  t h a t  determine the  behavior of t h e  sample mater ia l  i n  i t s  s p e c i f i c  en- 
vironment. 

The damage constant  K conta ins  t h e  var ious 

Figure 2 i s  a p l o t  of d i f fus ion  length  aga ins t  bombardment f l u x  f o r  
var ious h i g h - r e s i s t i v i t y  c e l l s .  
None of the  curves conform with 
t h e  formula. This l ack  of con- 
formity was f i r s t  noted for high- 
r e s i s t i v i t y  boron-doped c e l l s  
( r e f .  1). The curve f o r  t h e  20- 
ohm-centimeter boron-doped c e l l  
i s  shown as a s t r a i g h t  l i n e .  The 
values  of d i f fus ion  length  f o r  
h i g h - r e s i s t i v i t y  boron-doped 
c e l l s  show appreciable  s c a t t e r ,  
however, a t  a dose of 1015 1-Mev 
e l ec t rons  per square centimeter.  
The slope of any h i g h - r e s i s t i v i t y -  
c e l l  curve i s  s t rongly  dependent 
on e l e c t r i c a l l y  inac t ive  impurity 
content  i n  the  dose range ex- 
tending t o  5 ~ 1 0 ~ ~  1-Mev e l ec t rons  
per  square centimeter.  m e  con- 
cen t r a t ions  of e l e c t r i c a l l y  i n -  

a c t i v e  impur i t i e s  vary with p u r i t y  of dopant source, mater ia l  growth process,  
s ec t ion  of s i l i c o n  ingot  from which the  wafer i s  cu t ,  and c e l l  f a b r i c a t i o n  
process.  
r a d i a t i o n  damage can be made only a t  doses exceeding 5x1Ol5 1-Mev e l ec t rons  per 
square cent imeter .  I n  t h i s  dose range, the s u p e r i o r i t y  of aluminum-doped c e l l s  
i s  evident  from t h e  p l o t s  shown. 

0 

0- 
0 - - _  

l7 
Dose, 1-Mev electronslsq cm 

Figure 2. -Effects of impurities on postbombardment diffusion length. 

Valid comparison of t h e  e f f e c t s  of e l e c t r i c a l l y  a c t i v e  impur i t i e s  on 

The v a r i a b i l i t y  between types of c e l l s  i s  a r e s u l t  of impur i t ies  r a t h e r  
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- UNIFORMITY OF POSTBOMBARDMENT DlFFUSION 

LENGTHS OF SILICON SOLAR CELLS 

Dose, 1-MeV e l e c t r o n s / s q  cm 

1. ZX1015 1 4. 8 X d 5  1 1 . 5 ~ 1 0 ~ ~  I 4. 1X1016 
I I I 

Diffus ion  length ,  microns 

130-ohm-cm indium-doped c e l l s  

i o  78.5 18.9 
11 EO 29.5 18.7 

17-ohm-cm aluminum-doped C e l l s  

18.1 14.0 
44.5 18.3 
45.4 19.7 18.3 13.9 

than  t h e  inconsis tency of measure- 
ments, as shown i n  t a b l e  I. Ma- 
t e r i a l s  and processes  were r i g i d l y  
con t ro l l ed  f o r  t h e  c e l l s  shown. The 
result i s  good uniformity of d i f -  
fu s ion  lengths  f o r  each type of c e l l  
throughout an e n t i r e  series of bom- 
bardment s. 

Figure 3 p resen t s  f u r t h e r  d a t a  
on t h e  two types of c e l l s  considered 
i n  t a b l e  I. The c e l l s  were bom- 
barded, and t h e i r  d i f fus ion  l eng ths  
were measured a t  B e l l  Telephone 
Laboratories.  A d e f i n i t e  decrease 
i n  t h e  r a t e  of in t roduct ion  of re- 
combination c e n t e r s  occurs for both 
t h e  130-ohm-centimeter indium-doped 
c e l l s  and t h e  17-ohm-centimeter 
aluminum-doped c e l l s  i n  t h e  dose 
ranges Zx1014 t o  8x1014 and 3x1015 
t o  1.2x1016 1-Mev e l ec t rons  per  

square centimeter.  The fluxes a t  which d i f f u s i o n  l eng ths  were measured a t  B e l l  
Telephone Laborator ies  were s l i g h t l y  lower than  those  f o r  t h e  va lues  of d i f -  
fu s ion  lengths  shown i n  f i g u r e s  1 and 2. The va lues  of d i f f u s i o n  length  d e t e r -  
mined f r o m  ex t r apo la t ion  of t h e  p o i n t s  shown i n  f i g u r e  3 are i n  very good agree-  
ment with t h e  da t a  presented i n  t a b l e  I. The change i n  t h e  slope of t h e  curves  
i n  t h e  dose range 3 ~ 1 0 ~ ~  t o  1.2x1016 1 - M e V  e l ec t rons  per  square cent imeter  
would appear more pronounced i f  t h e  p l o t  had included va lues  measured a t  4 ~ 1 0 ~ ~  
I-Mev e l ec t rons  per  square cent imeter .  

The bombardment behavior of l o w e r - r e s i s t i v i t y  1-ohm-centimeter c e l l s  i s  

4 

1012 

T -r 1-1 r i in i  T 1 I i n i n - - i  I I i r l i n - -  T T 

Resistivity of silicon cell, Dopant 
oh m-cm 

17 

ti 
Aluminum 

130 Indium 
1 (different original 1 diffusion lengths) 'Oron 

1013 1014 1015 
Dose, 1-Mev electronslsq cm 

Figure 3. - P o d m b a r d m e n t  diffusion length as functlon of electron flux. 



shown at the bottom of figure 3. Two groups of these 1-ohm-centimeter cells 
having different values of unbombarded diffusion lengths are compared. After 
bombardment with a small dose of 1-Mev electrons per square centimeter, 
the differences in diffusion lengths preserved in each group are insignificant. 

II 

Unlike 1-ohm-centimeter cells, high-resistivity cells, which have larger 
values of original diffusion length, preserve their superiority to bombardment 
doses greater than 1015 1-MeV electrons per square centimeter. 
diffusion lengths in high-resistivity cells are indicative of low concentrations 
of electrically inactive impurities in the base region of such cells. Conse- 
quently, the rate of introduction of recombination centers is slower in such 
high-resistivity cells even at doses that are equivalent to those that cells 
could experience after 1 year or more in the Van Allen belt. The preservation 
of long diffusion lengths in fabricated high-resistivity cells is therefore of 
significance in obtaining high-radiation-damage resistance in practical appli- 
cations. 

Longer original 

THEORY TO EXPLAIN EXPERIMENTAL OBSERVATIONS 

From an analysis of the characteristics of modified cells, it was found 
that impurities influenced diffusion-length degradation, carrier-removal rate, 
open-circuit voltage, and junction characteristics of cells. It is impossible 
to predict characteristics of cells from mere knowledge of the resistivity of 
the base material. The following concepts are advanced to explain the experi- 
mental oLservations: 

(1) Bombardment-generated vacancies are mobile at room temperature. 

(2) Mobile vacancies may be captured by impurity atoms or other vacancies 
and may form impurity-vacancy or vacancy-vacancy configurations. 

(3) Specific configurations so formed can have trapping-center or 
recombination- center behavior. 

(4) Terminology for the variables involved in the formation of configura- 
tions involving capture of mobile vacancies can be patterned after carrier- 
capture terminology. Equations showing the relations of variables will also be 
similar to those for carrier capture. Variables are 

(a) Specific impurity element, its electronic state, and its con- 
centration in the lattice 

(b) Concentration of generated mobile vacancies 

(e) Localized lattice imperfections 

(5) Ty-pes of configurations are impurity - single-vacancy, impurity - 
multiple-vacancy, and vacancy-vacancy clusters. The concentration of compound- 
vacancy configurations is significantly determined by the density of generated 
mobile vacancies, as well as the variables previously considered. 
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(6) When compound-vacancy configurations exist because of instantaneous . .  
local generation of high densities of mobile vacancies, redistribution OCCUTS 
with time at room temperature. 

On the basis of these concepts, it is possible to explain impurity effects 
on junction characteristics (ref. l), changes in damage-introduction rate with 
bombarding-particle energy and with bombardment dose, differences between 
proton- and electron-damage introduction, and room-temperature annealing of 
prot on-b ombarded ce 11 s . 

USE OF IMPURITY EITECTS IN SOLAR-CELL DESIGN 

The study of impurity effects has led to the design and fabrication Of 
With regard to the preservation of diffusion length in the improved cells. 

base region of solar cells after bombardment, the optimum base-region material 
should contain the minimum achievable concentration of electrically active im- 
purity. The power output of the solar cell, however, depends on the base- 
region parasitic resistance, as well as on the base-region diffusion length. 
Base-region parasitic resistance increases with decreasing electrically active 
impurity concentration. Furthermore, the open-circuit voltage of cells de- 
creases with decreasing electrically active impurity concentration, while the 
temperature coefficient of power output increases (ref. 2). From investigation 
of these effects, it has been concluded that the optimum concentrations of 
electrically active impurity in solar-cell material correspond to material re- 
sistivities in the 10- to 20-ohm-centimeter range. In the past year, more 
than two hundred 10- to 20-ohm-centimeter solar cells (hereafter referred to 
as 10-ohm-em cells) have been fabricated and analyzed at Lewis Research Center. 
As a result of this effort, the following important advantages stemming from 
use of 10-ohm-centimeter silicon for so la r  cells have become apparent. 

Application advantages: 

(1) Extremely shallow junction cells with very good junction character- 
istics have been made with excellent yields by using 10-ohm-centimeter silicon. 

(2) These cells have better curve power factors, much higher short- and 
long-wavelength response, and higher efficiencies than 1-ohm-centimeter cells. 

(3) Considerably higher long-wavelength response and higher efficiencies 
are preserved in bombarded 10-ohm-centimeter cells than in 1-ohm-centimeter 
cells. 

(4) The 10-ohm-centimeter cell degradation with temperature is such that 
the 10-ohm-centimeter cell is still superior to the 1-ohm-centimeter cell at 
temperatures to 100' C. 

Production advantages: 

(1) Material rejection is low. Original minority-carrier lifetime in 
10-ohm-centimeter material exceeds that preserved after subjecting the material 
to diffusion processing. 

6 
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(2) Distributions of characteristics of 10-ohm-centimeter cells are 
tighter because of the superior properties of 10-ohm-centimeter material and 
because of the better and controllable junction characteristics attainable by 
using 10-ohm-centimeter material. 

I 
I 

(3) Special low-cost superblue coatings can be applied to the 10-ohm- 
I centimeter cell. 

The benefits to be realized from the use of the 10-ohm-centimeter material and 
the characteristics of 10-ohm-centimeter cells justify application of such 
cells at temperatures to 100' c 5 -  nonradiation environments. In a radiation 
environment, the efficiencies preserved in 10-ohm-centimeter cells are suffi- 
ciently higher than those of 1-ohm-centimeter cells so that the 10-ohm- 
centimeter cell is definitely superior to the 1-ohm-centimeter cell in power 
output at 100' c (ref. 2). 

' 

ALUMINUM-DOPED CELL 

Since the specific impurity element added to the silicon material to re- 
duce its resistivity to the 10- to 20-ohm-centimeter range will influence all 
the characteristics of the cell, a study was made of the use of aluminum, in- 
dium, gallium, or boron for doping silicon in this resistivity range. The re- 
sults show that aluminum is the most desirable impurity element (ref. 1). 

I 
I Approximately 50 aluminum-doped 17-ohm-centimeter cells were fabricated. 

The characteristics of such cells are as follows: 

Open-circuit voltage, v . . . . . . . . . . . . . . . . . .  
Short-circuit current, ma . . . . . . . . . . . . . . . . .  
Area, sqcm. . . . . . . . . . . . . . . . . . . . . . . .  
Minimum outer-space equivalent power output, mw . . . . . .  
Minimum outer-space equivalent efficiency, percent . . . .  
Curve power factor, percent . . . . . . . . . . . . . . . .  
Outer-space current for 0.4- to 0.6-micron region of solar 
spectrum, ma . . . . . . . . . . . . . . . . . . . . . .  

Ratio of outer-space current for 0.4- to 0. 6-micron region 
to short-circuit current. . . . . . . . . . . . . . . . .  

Grid fingers. . . . . . . . . . . . . . . . . . . . . . . .  
Thickness, in. . . . . . . . . . . . . . . . . . . . . . .  
n v a l u e . . . . . . . . . . . . . . . . . . . . . . . . . .  
Diode reverse current for 0.6 v bias, pamp . . . . . . . .  
Contact resistance, ohms . . . . . . . . . . . . . . . . .  
Diffusion length, microns . . . . . . . . . . . . . . . . .  
Coating . . . . . . . . . . . . . . . . . . . . . . . . . .  
Dopant . . . . . . . . . . . . . . . . . . . . . . . . . .  
Temperature coefficient , percentPC . . . . . . . . . . . .  

. . . . . . .  0.54 

. . . . .  62to65 

. . . . . . . .  1.8 

. . . . . . . .  24 . . . . . . .  .9.5 . . . . . . . .  70 

. . . . . . . .  26 

. . . . . . .  .0.4 . . . . . . . .  10 

. . 0.008 to 0.020 . . . . . . . .  .<2 . . . . . . . .  <20 . . . .  0.25 to 0.4 . . . .  150 to 200 . . . . .  superblue . . . . .  .aluminum . . . . . . .  0.53 
The cells are m"dg by a standard diffusion process (ref. 3 )  at temperatures of 
approximately 800 C. The sheet resistance of the diffused layer must be kept 
at or below 200 ohms per square, and this determines the diffusion times, which 
are approximately 39 minutes. Ten grid fingers on the top surface of the cell 
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Figure 4. -Max imum power output as func t i on  of e lectron flux. 

Q 
permit a t ta inment  of curve power f ac -  
t o r s  of 7 0  percent  f o r  t h e  m a x i m u m  
value of sheet  r e s i s t a n c e  c i t ed .  Ex- 
periments revealed t h a t  t h e  equivalent  
outer-space cu r ren t s  of t hese  c e l l s  are 
not appreciably decrea;ed f o r  a base- 
reg ion  th ickness  of 0.008 inch. De-  
pending on app l i ca t ion  requirements,  
t h e  th icknesses  of t h e  c e l l s  can the re -  
f o r e  range from 0.008 t o  0.020 inch. 
Minor i ty-car r ie r  d i f f u s i o n  lengths  of 
200 microns a r e  obtainable  i n  fabr i -  
ca ted  c e l l s  of t h i s  type by  using t h e  
optimized low-temperature d i f f u s i o n  
process.  The low-temperature sho r t -  
t i m e  d i f f u s i o n s  a l s o  resul t  i n  ex- 
tremely shallow junc t ions  t h a t  have 
b e t t e r  j unc t ion  c h a r a c t e r i s t i c s  and 
lower diode reverse  c u r r e n t s  than  those  
obtained f o r  deeper junc t ions  i n  
1-ohm-centimeter material. I n  addi-  
t i o n ,  t h e  high short-wavelength r e -  
sponse achieved, coupled with a spec ia l  
superblue a n t i r e f l e c t i v e  coat ing,  re-  

s u l t s  i n  c o l l e c t i n g  40 percent  of t h e  c e l l  s h o r t - c i r c u i t  cu r ren t  from t h e  0.4- 
t o  0.6-micron reg ion  of t h e  s o l a r  spectrum. The s igni f icance  of t h i s  superblue 
c h a r a c t e r i s t i c  i n  preserv ing  t h e  e f f i c i ency  of t h e  c e l l s  a f t e r  bombardment i s  
i l l u s t r a t e d  i n  re ference  4. The high shor t -  and long-wavelength c o l l e c t i o n  of 
t he  c e l l s  r e s u l t s  i n  t h e i r  equivalent  outer-space s h o r t - c i r c u i t  c u r r e n t s  being 
higher  than those  normally obtained f o r  1-ohm-centimeter c e l l s  d e s p i t e  t h e  
e x t r a  g r ids  on t h e  c e l l  surfaces .  

The open-c i rcu i t  vo l tages  of t h e  c e l l s  are 0.54 v o l t ,  which i s  t h e  common 
value of t h i s  parameter f o r  10-ohm-centimeter c e l l s .  
1.8-square-centimeter area (main contact  sub t r ac t ed )  range from 9.5 t o  10.5 
percent.  The spread i n  e f f i c i e n c i e s  i s  s m a l l  because of t h e  uniformity of 
long-wavelength c o l l e c t i o n  under t h e  s o l a r  spectrum, t h e  reproducibly good 
junc t ion  c h a r a c t e r i s t i c s ,  and t h e  c o n t r o l s  used i n  t h e  f a b r i c a t i o n  process  t h a t  
are achievable by using 10- t o  20-ohm-centimeter mater ia l .  

The e f f i c i e n c i e s  f o r  a 

PERFORMANCE OF BOMBARDED ALUMINUM-DOPED CELLS 

From a series of bonbardments of t h e s e  aluminum-doped c e l l s  and of 1-ohm- 
cent imeter  high-blue and 10-ohm-centimeter superblue boron-doped c e l l s ,  data 
were compiled on power outputs  and ef f i c i e n c  i e  s preserved after i r r a d i a t i o n .  
The d a t a  a re  shown i n  f i g u r e  4. Power outputs  and e f f i c i e n c i e s  were measured 
f o r  t h e  1- and 10-ohm-centimeter boron-doped c e l l s  by using a f i l t e r - w h e e l  
s imulator  ( ref .  4 ) .  E f f i c i e n c i e s  are p red ic t ed  f o r  t h e  aluminum-doped c e l l s  on 
t h e  b a s i s  of measurements of i n i t i a l  c h a r a c t e r i s t i c s  and postbombardment dif  - 
fus ion  lengths.  Measurements of t h e  s h o r t - c i r c u i t  c u r r e n t s  of t hese  c e l l s  un- 
der  t h e  simulator were not  poss ib l e  a t  t h e  t i m e  of bombardment. The aluminum- 
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I I I I I 

Attained 

Antlclpated 

of 1 has  been assigned t o  the  p-on-n c e l l  

doped c e l l s ,  however, were equal  o r  
superior t o  t h e  10-ohm-centimeter 
superblue boron-doped c e l l s  i n  a l l  
c h a r a c t e r i s t i c s  and preserved longer 
d i f fus ion  l e r g t h s  a f t e r  bombardment 
than d i d  t h e  10-ohm-centimeter super- 
b lue  boron-doped c e l l s .  
t i o n s  are t h e r e f o r e  be l ieved  t o  be 
re 1 iab 1 e. 

The predic  - 

On t h e  b a s i s  of approximately 
12  bombardments of t h e  c e l l s  with 
10-Mev protons and a series of e l ec -  
t r o n  bombardments, approximations of 
an t i c ipa t ed  l ifetimes have been made 
f o r  var ious  types  of c e l l s  i n  a T e l -  
star I o r b i t  and with Telstar - solar-  
ce l l  shielding.  An a r b i t r a r y  l i fe t ime 
i n  f i g u r e  5. The d a t a  of Waddell 

( re f .  5) and of Rosenzweig (ref. 6 )  of comparative damage of 1-ohm-centimeter 
p-on-n and n-on-p c e l l s  r e s u l t  i n  assignment of a comparative l i fe t ime of s ix  
t imes t h a t  of t h e  p-on-n c e l l  f o r  the  1-ohm-centimeter TeLstar c e l l .  Comparison 
of t h e  data for t h e  aluminum-doped superblue c e l l s  wi th  the d a t a  f o r  t h e  
Tels ta r - type  c e l l s  r e s u l t s  i n  ass igning  a f a c t o r  of 25 t imes t h a t  of t he  p-on-n 
c e l l  f o r  t h e  aluminum-doped superblue c e l l .  

It must be emphasized t h a t  t h e  f u l l  p o t e n t i a l  of the aluminum-doped super- 
b lue  c e l l  has  not  been r e a l i z e d  as ye t .  
ch lo r ine  i n  aluminum-doped s i l i con ,  as w e l l  a s  t h e  f u r t h e r  e l imina t ion  of d e t r i -  
mental e l e c t r i c a l l y  inac t ive  impuri t ies ,  could increase  t h e  comparative l i f e -  
t i m e  for t h e  aluminum-doped superblue c e l l  t o  as much as 60 t i m e s  the p-on-n 
value.  

The p o s s i b i l i t y  of t h e  inc lus ion  of 

CONCLUDING REMARKS 

Modification of recombination theory  must  be  made i n  order  t o  account f o r  
t h e  observed behavior of bombarded so la r  ce l l s .  

The s tudy of impurity effects has led t o  t h e  des ign  of superior  so l a r  c e l l s  
made from s i l i c o n  containing aluminum. Such c e l l s  have shallower junct ions,  
be t te r  junc t ion  c h a r a c t e r i s t i c s ,  and broader s p e c t r a l  response than present  in -  
d u s t r i a l  cel ls .  The p rope r t i e s  of t h e  s i l i c o n  base material, as w e l l  as t h e  
aforementioned c h a r a c t e r i s t i c s ,  r e s u l t  i n  these  c e l l s  having appreciably b e t t e r  
performance i n  r a d i a t i o n  environments. Furthermore, t h e  use of 10-ohm- 
cent imeter  aluminum-doped s i l i c o n  f o r  f ab r i ca t ion  of s o l a r  c e l l s  w i l l  r e s u l t  i n  
'higher product ion  y i e l d s  and c l o s e r  to le rances  on t h e  c h a r a c t e r i s t i c s  of t hese  
c e l l s .  

Lewis  Research Center 
Nat ional  Aeronautics and Space Administration 

Cleveland, Ohio, September 28, 1964 
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